Inspired by gecko adhesion in humid environments, a modified Kendall's model is established in order to investigate the effect of relative humidity on the interfacial peeling behavior of a thin film adhering on a rigid substrate. When the humidity is less than 90%, a monolayer of water molecules adsorbed on the substrate surface induces a strong disjoining pressure at the interface. As a result, the steady-state peel-off force between the thin film and substrate is significantly enhanced. When the humidity is greater than 90%, water molecules condense into water droplets. Four different peeling models are established on this occasion, depending on the surface wettability of the film and substrate. It is found that the steady-state peel-off force is influenced by the water meniscus in a complicated manner, which is either enhanced or reduced by the water capillarity comparing to that predicted by the classical Kendall's model, i.e., a dry peeling model. It should be noted that, at the vicinity of the wetting transition, the peel-off force of the four models can be reduced to an identical one, which means the four peeling models can transit from one to another continuously. The present model, as an extension of the classical Kendall's one, should be useful not only for understanding gecko adhesion in humid environments, but also for analyzing interface behaviors of a film-substrate system in real applications.
I. INTRODUCTION
The interface behavior of film-substrate systems, as a very interesting topic, has been attracting considerable attention due to their ubiquitous application in modern industries and practical engineering. One of the most widely used techniques of characterizing interfacial properties is the peel test. Due to its simplicity and easy operation, the peel test has become one of the most efficient methods to assess the mechanical properties of interfaces and has been widely applied in many research fields, such as coating technology, microelectromechanical systems, adhesive tapes, and biomimetic adhesion [1] [2] [3] .
In the past decades, numerous experimental and theoretical works have been carried out to investigate the peeling behavior of thin films on substrates [4] [5] [6] [7] [8] . For an elastic thin film adhesively contacting a rigid substrate, the classical Kendall's peeling model is widely adopted [5] , which provides a direct method to derive the interface properties, including the adhesion toughness and adhesion strength, through measuring the peel-off force. Kendall's model was later extended to analyze the peeling behavior of elastic-plastic thin films [6] , viscoelastic films [9] [10] [11] , and heterogeneous films [12, 13] . Based on the minimum potential principle, the whole peeling process from initial debonding to a steady-state stage of an elastic thin film on a smooth and rough substrate has been studied, considering the effect of the bending stiffness of thin films [14] [15] [16] . Some other representative theories of thin films peeling from substrates include the beam model and the cohesive zone model, in which the peeled film was considered as a slender beam [6, 7] or the cracked interface was regarded as a cohesive zone [17, 18] .
Recently, as a typical application, the peeling model is widely adopted in the field of biological and bioinspired adhesion [3, [19] [20] [21] [22] [23] [24] . Many climbing animals or * chenshaohua72@hotmail.com insects evolve amazing reversible adhesion mechanisms. For example, geckos' climbing ability depends on the fascinating hierarchical adhesive structure, which consists of millions of setae. Each seta further branches into hundreds of spatulae about 200 nm in width and length [25, 26] . Each spatula looks like a nano thin film, which adheres on a substrate with van der Waals force. Accumulation of a large number of molecular forces could support a gecko's weight. The classical Kendall's peeling model has been adopted to study the reversible adhesion mechanism of geckos [20, 24, 27] . The peeling model with a finite-length film was further developed by Tian et al. [19] and Peng et al. [21] since the real profile of gecko spatulae looks more like a nanofilm with a finite-length scale.
All the above investigations focus on the peeling behavior of a thin film on a dry substrate. The effect of relative humidity on the peeling behavior of a thin film is still an open question. One of our previous works considered the effect of environmental humidity on the interface adhesion of film-substrate systems, but only the normal adhesion force was studied [22] . How the environmental humidity affects the peeling behavior of a thin film on a substrate is still unclear.
In this paper, the influence of environmental humidity on the peeling behavior of an elastic film adhering on a rigid substrate is investigated, in which the peel-off force of the film detached from the substrate is mainly considered. The main aim of this paper is to investigate the effect of environmental humidity on the interface adhesion, which is an extension of the classical Kendall's model [5] . Different models are established according to the varied relative humidity inducing a different stable form of water membrane. When the relative humidity is less than 90%, a monolayer of water molecules (water membrane) will be adsorbed on the substrate. The corresponding model is analyzed in Sec. II. Water molecules can also condense into a liquid meniscus near the interface crack tip forming four different wetting models depending on the wettability of the film and substrate if the relative humidity is larger than 90%. The corresponding theoretical model is given and analyzed in Sec. III. The effect of relative humidity on the peel-off force in each model is discussed in Sec. IV and conclusions are made in Sec. V. The theoretical finding should be useful for understanding geckos' adhesion in their natural living habitat and helpful for the design of film-substrate systems working in humid environments.
II. EFFECT OF WATER MEMBRANE
Huber et al. [28] found a monolayer of water molecules adsorbed on substrate surfaces when the environmental humidity is less than 88%. DelRio et al. [29] also found a monolayer water membrane or a bimolecular layer adsorbed on a substrate when the relative humidity is about 70%. Therefore, a peeling model of an elastic film adhering on a rigid substrate is established as shown in Fig. 1(a) for the case of relative humidity smaller than 90% or so, where a monolayer water membrane is assumed to be adsorbed on the interface. The area FIG. 1. Schematics of a thin film in adhesive contact with a rigid substrate with an intermediate monolayer of water molecules. (a) The thin film is peeled by an external force F with a peeling angle α and the water coverage ratio is ρ; (b) on the interface, the interaction includes not only the force between atoms of solid materials, but also the one between water molecules and atoms of solid materials, i.e., the disjoining pressure.
coverage of water membrane is ρ. The elastic film is peeled by an external force F with a peeling angle α.
It has been indicated that the disjoining pressure between the liquid molecules and solid surfaces is so strong that the liquid membrane lies flat on the surfaces looking like a very thin liquid layer [30] . There are three independent components of the disjoining pressure, in which van der Waals interaction between the liquid layer and solid surface dominates [30] . When a thin film contacts a substrate with an intermediate monolayer of water as shown in Fig. 1(a) , the total adhesion force of the interface includes not only the interaction force between the thin film and substrate but also the attraction force between water molecules and the solid surfaces [ Fig. 1(b) ].
At a thermal equilibrium state, the water coverage ratio ρ on the rigid substrate is a function of the relative humidity, which can be obtained from the Langmuir's adsorption isotherm [22, 28] :
where RH denotes the relative humidity. E a is the adsorption energy, which is typically much less than the thermal energy κ B T at room temperature. The interface adhesion energy w(D) between two adjacent surfaces with a separation distance D can be derived by volume integration of the commonly used Lennard-Jones potential
Here, ε is a parameter determining the depth of the potential well. σ is a length scale parameter that determines the position of the minimum potential. r is an atom-to-atom distance [23] . Then, we have
where A H = 4π 2 ερ A ρ B σ 6 is the Hamaker constant and D 0 = (2/15) 1/6 σ the equilibrium distance between two contact surfaces.
The effective adhesion energy between the thin film and substrate with an intermediate water membrane at the interface can be expressed as
where w SS−dry represents the adhesion energy between two solid surfaces with an air interval. [5] , it is convenient for us to obtain the peel-off force F as a function of the peeling angle α. The only difference is to replace the adhesion energy in Kendall's model with the effective one γ eff in Eq. (3),
where E is the Young's modulus of the elastic film. h denotes the film's thickness.
III. EFFECT OF WATER DROPLET
Mate and his co-worker have found experimentally that the disjoining pressure between the liquid molecules and the solid surface will decrease when the thickness of the liquid film increases [30, 31] . For a liquid monolayer spreading on a substrate, the liquid molecules would gain more energy from the attractive interaction than they would gain in entropy by adopting a bulk-like conformation. However, when the relative humidity is more than 90%, the liquid film is thick enough. As a result, the disjoining pressure becomes so weak that entropy would cause the liquid molecules to condense into a bulk-like conformation [22, 30, 31] . Therefore, a water droplet forms. When the surface tension of film γ 1 is less than the sum of the surface tension of water γ and the interface tension of water and film γ 1L , i.e., γ 1 < γ + γ 1L , the water droplet stays on the film with a contact angle θ 1 . Similarly, the water droplet lies on the substrate with a contact angle θ 2 , i.e., γ 2 < γ + γ 2L , where γ 2 is the surface tension of the substrate; γ 2L denotes the interface tension of water and substrate. A water meniscus condenses near the interface crack tip between the thin film and substrate as shown in Fig. 2(a) , which abides by the Young-Laplace equation,
If γ 1 γ + γ 1L and γ 2 γ + γ 2L , it is favorable for the liquid spreading on the solid surface with θ 1 = θ 2 = 0 as shown in Fig. 2 (b) [32, 33] . In our model, the water droplet spreads on the substrate surface and the whole peeled-off film. As for the case of γ 1 < γ + γ 1L and γ 2 γ + γ 2L or the one with γ 1 γ + γ 1L and γ 2 < γ + γ 2L , the water droplet would completely spread on one surface but partially wet the other one as shown in Figs. 2(c) and 2(d), respectively.
A. Case A: The case of γ 1 < γ + γ 1L and γ 2 < γ + γ 2L
As a stable water droplet condenses near the interface crack tip in Fig. 2(a) , the force exerted on the film by the water meniscus consists of two parts: the surface tension of water γ and the Laplace pressure force P as shown in Fig. 3(a) . At a thermal equilibrium state, the mean curvature of the meniscus κ can be determined from the Kelvin equation [34] ,
FIG. 2. Schematics of a thin film peeled from a rigid substrate when the relative humidity is larger than 90%. The water molecules will condense into water droplets. (a) The water droplet forms a water meniscus near the interface crack tip with two contact angles θ 1 and θ 2 on the elastic film and rigid substrate, respectively. The wetted length of the film is l; (b) the water droplet spreads on surfaces of the film and substrate with vanishing contact angles θ 1 and θ 2 ; (c) the water droplet wets the film surface with a given contact angle θ 1 but completely spreads on the substrate surface with a vanishing contact angle θ 2 ; (d) the water droplet wets the substrate surface with a given contact angle θ 2 but completely spreads on the film surface with a vanishing contact angle θ 1 . where R is the universal gas constant; T is the absolute temperature; V is the molar volume; p 0 is the saturated vapor pressure of water meniscus at T ; p is the ambient pressure outside the curved surface. p/p 0 denotes the relative humidity.
The surface tension of water meniscus acting on the film leads to the strain in different parts of the film, ε 0 = 0 in the adhesive interface region,
Eh in the free and wetted region, (8)
in the free and dry region.
Assuming a virtual infinitesimal peeled-off length s during the steady-state peeling process as shown in Fig. 3(b) , the liquid bridge will move in a steady-state manner with the propagation of the interface crack tip. The shape of the meniscus as well as the film's wetting length remains unchanged in this stage.
The work done by the externally peeling force F can be written as
Precisely, one part of the length s should deform under both the external force F and the capillary force γ as shown in Eq. (8) , and the other part is only subjected to the force F as shown in Eq. (9), though the peeling length s itself is infinitesimal. Here, for simplicity, we assume the whole infinitesimal peeling length s deforms under the coupled effect of the external force F and the capillary one γ . The work contributed by the force induced by water meniscus W capillary includes two parts: W γ done by the surface tension of water and W P contributed by the Laplace pressure,
Considering the Young-Laplace equation p = γ /r and the geometrical relationship l sin α = r cos(θ 1 + α) + r cos θ 2 , where r is the mean radius of curvature of the liquid meniscus and l is the wetting length on the film as shown in Fig. 3(b) , we have
Therefore,
Substituting the Young's equations γ cos θ 1 = γ 1 − γ 1L and γ cos θ 2 = γ 2 − γ 2L into Eq. (14), we can rewrite Eq. (14) as
From the above equation, one can see that the work done by the water meniscus equals the variation of surface energy in the trailing region of the liquid meniscus.
Summation of the variation of the surface energy in the leading region of the liquid meniscus and the elastic energy stored in the film is
Thus the following energy conservation equation,
yields the governing equation of the peel-off force,
where γ = γ 1 + γ 2 − γ 12 is the interface adhesion energy between the film and substrate. γ 12 is the interface energy. The closed-form solution of the peel-off force can be derived as
Using the relationship γ 1L = γ 1 + γ − γ 1L , we can rewrite Eq. (19) as
where γ 1L corresponds to the adhesion energy between the water meniscus and thin film. Here, γ 1L should satisfy the condition of γ 1L < 2γ due to the wetting configuration in Case A. When surface tensions of both the film and substrate are not less than the sum of the water surface tension and the solidliquid interface tension, the water droplet is favorable to spread on the solid surfaces with θ 1 = θ 2 = 0 [32, 33] from the energy point of view as shown in Fig. 2(b) . During the steady-state peeling process, the peeling force added on the film is balanced by both the tensile stress in the film and the surface tension of water. In this case, Eqs. (7) and (8) are still valid with contact angles θ 1 = θ 2 = 0. Similar to Sec. III A, assuming a virtual infinitesimal peeling length s leads to variations of the surface energy E surface , elastic energy stored in the film E elastic , and work done by the externally peeling force W F ,
Energy conservation among the above three energies yields the governing equation
which results in the peel-off force,
Here γ 1L and γ 2L should satisfy conditions of γ 1L 2γ and γ 2L 2γ . One should note that the interfacial adhesion energy γ depends on the interface mode mixity [35] ; the details can be found in Hutchinson and Suo [36] . However, it was found that, when the effect of mixed-mode fracture on the peeling behavior of a thin film adhering on a dry substrate is considered, all the results are qualitatively similar to that with a constant interfacial adhesion energy [8, 15, 27] . Without loss of generality, the interfacial adhesion energy is assumed to be a constant in the present paper for simplicity.
C. Case C: The case of γ 1 < γ + γ 1L and γ 2 γ + γ 2L When the surface tension of the film is less than the sum of the water surface tension and the film-liquid interface tension, but with the surface tension of the substrate less than the sum of the water surface tension and the substrate-liquid interface tension, the water droplet will be pinned on the film surface with a given contact angle θ 1 but completely spreads on the substrate surface with a vanishing contact angle θ 2 as shown in Fig. 2(c) . During the steady-state peeling process with a virtual infinitesimal peeling length s, the work done by the externally peeling force W F and the elastic energy stored in the film E elastic have the same expressions as given in Eqs. (10) and (16) . The variation of the total surface energy E surface includes the variation of the surface energy in the trailing edge and that in the leading edge, which can be expressed as
Energy conservation among the work done by the external peeling force, the elastic energy stored in the film, and the variation of the total surface energy leads to the governing equation of the peel-off force,
The peel-off force can be obtained as
D. Case D: The case of γ 1 γ + γ 1L and γ 2 < γ + γ 2L Contrary to the above Case C, when the surface tension of the film is not less than the sum of the water surface tension and the film-liquid interface tension, but with the surface tension of the substrate less than the sum of the water surface tension and the substrate-liquid interface tension, the water droplet will completely spread on the film surface with a vanishing contact angle θ 1 but is pinned on the substrate surface with a contact angle θ 2 as shown in Fig. 2(d) . During the steady-state peeling process, we assume the film is peeled off a virtual infinitesimal length s. The elastic energy stored in the film E elastic and the work done by the externally peeling force W F should have the same expressions as Eqs. (22) and (23). Similar to the above Case B, the variation of the total surface energy E surface can be expressed as
Then energy conservation leads to the governing equation of the peel-off force in this case,
which has a very similar form to Eq. (24). The closed-form solution of the peel-off force in Eq. (30) can be written as F Eh = cos α − 1
IV. RESULTS AND DISCUSSION
It should be noted that, as a special case of the humidity being greater than 90%, i.e., at the vicinity of γ 1 = γ + γ 1L and γ 2 = γ + γ 2L , if both the limits γ 1 → γ + γ 1L and γ 2 → γ + γ 2L are taken, the peel-off force in the above four different peeling models can be reduced to the same one,
which denotes the continuity among the four peeling models. Furthermore, if the effect of humidity is not considered, the peel-off forces of the four different peeling models can all be well reduced to that of the classical Kendall's model. The peel-off force as a function of relative humidity is shown in Fig. 4(a) [19, 22, 23, 37] . It is shown that, with a determined peeling angle, the peel-off force increases almost linearly with an increasing relative humidity. The relationship between the peel-off force and peeling angle is shown in Fig. 4(b) for different relative humidity, where the result predicted by the Kendall's dry peeling model (RH = 0) is also shown for comparison. With a determined relative humidity, the peel-off force decreases with the increase of peeling angle, which is similar to the result of the Kendall's dry peeling model. Comparing the peel-off force with or without the effect of relative humidity shows that the relative humidity could improve the peel-off force significantly. Although the van der Waals force between the film and substrate is weakened by an intermediate water membrane due to the decreased Hamaker constant, the strong disjoining force between the solid surface and water membrane could compensate and even enhance the total peel-off force.
Although the present model established mainly from the mechanics point of view belongs to a single-level structure and cannot describe the hierarchical adhesion system of gecko strictly, comparison between the theoretical prediction and the FIG. 5 . Comparison of the peel-off force between the experimental measurement done by Huber et al. [28] and the present theoretical prediction, in which the peeling angle is 90
• and the width of the gecko spatula is adopted as 200 nm.
existing experimental results of gecko adhesion at different humidities may give some insights into the mechanical mechanism of gecko adhesion. As for the effect of humidity on gecko adhesion, an alternative theoretical explanation was proposed by Chen and Gao [38] , in which they attributed the enhancement of gecko adhesion found in humid environments to the stiffness reduction of seta [38] . Comparison between the experimental measurement for the adhesion force of a single gecko spatula in Huber et al. [28] and the present theoretical prediction is shown in Fig. 5 for the case of a 90
• peeling angle, in which one can see that not only the variation trend but also the order of magnitude of both results agrees with each other. Furthermore, Sun et al. [39] also measured the adhesion force of a single spatula, which was deduced from a hierarchical seta. The adhesion force of a single spatula is from a few nanonewtons to a dozen nanonewtons at different relative humidity [39] , which also agrees with the present theoretical prediction. The numerical discrepancy between the theoretical results and the experimental ones may be induced by several factors. The main reason is the measured peel-off force corresponds actually to a two-level hierarchical structure in Huber et al. [28] and Sun et al. [39] , which consists of a seta and a spatula. According to Gao et al. [37] and Peng and Chen [24] , the peel-off force of a hierarchical structure should be larger than that of a one-level structure. It is the reason that geckos adopt a hierarchical adhesion system to achieve strong adhesion abilities. In addition, the spatula is modeled as a thin film with a uniform thickness in our theoretical work, which is not identical with the shape of a real spatula. The surface roughness of substrates may also be a minor factor. In order to quantitatively explain the experimental results given by Huber et al. [28] and Sun et al. [39] , a hierarchical model considering the effect of environmental humidity simultaneously should be developed. Such an innovative work can be carried out in the future. In the case of a water meniscus condensed near the interface crack tip as shown in Fig. 2(a) , Eq. (20) demonstrates that the peel-off force is influenced by the peeling angle α, the interface adhesion energy between the film and substrate γ , the interface energy between water meniscus and film γ 1L , and the surface tension of water γ . Figure 6 gives a typical result predicted by Eq. (20) , where the peel-off force varies with the peeling angle for a determined water surface tension γ /Eh = 0.0072 and interface energy between the film and substrate γ /Eh = 0.005. The result obtained by the classical Kendall's model [5] is also plotted for comparison. From  Fig. 6 , one can see that the water meniscus condensed at the interface crack tip has a significant and complicated effect on the peel-off force. In general, the peel-off force for both the dry and wet peeling models decreases with an increasing peeling angle. At a given peeling angle, the peel-off force increases with an increasing interface energy γ 1L /Eh. Comparing with the dry peel-off force predicted by the classical Kendall's model, the wet peel-off force is either larger or smaller than the dry one depending on the value of γ 1L /Eh.
When the water droplet spreads on the film and substrate surfaces as shown in Fig. 2(b) , the peel-off force depends on several physical parameters, such as the interface energy of the water membrane and film, the interface energy of the water membrane and substrate, the surface tension of water, the peeling angle, and the interface adhesion energy of the film and substrate. Figure 7(a) gives the peel-off force as a function of the peeling angle for a given water surface tension γ /Eh = 0.0072, a determined interface adhesion energy of the film and substrate γ /Eh = 0.005, and a fixed interface energy of the water membrane and film γ 1L /Eh = 0.0145, but for different adhesion energies of the water membrane and substrate γ 2L /Eh. Equation (25) demonstrates that the effect of γ 1L /Eh on the peel-off force is similar to that of γ 2L /Eh. Only the effect of γ 2L /Eh on the peel-off force is analyzed in this model. The peel-off force predicted by the classical Kendall's model is also shown in Fig. 7(a) for comparison, which only depends on the peeling angle and the interface adhesion energy between the film and substrate. Figure 7 (a) shows that the spreading water membrane also has a significant effect on the peel-off force. The peel-off force decreases with the increase of the peeling angle. Different from the case A, the peel-off force decreases with an increasing interface energy γ 2L /Eh at a given peeling angle. Comparing to the dry peel-off force predicted by the classical Kendall's model, the water capillarity can also either enhance or reduce the peel-off force. At the critical condition of γ 2L = 2γ , the wet peel-off force is larger than the dry one due to the effect of water surface tension as shown in Eq. (25) . γ 1L /Eh = γ 2L /Eh = 0.015, where the dry peel-off force is also shown for comparison. Figure 7 (b) exhibits that the wet peel-off force increases with an increasing interface adhesion energy of the film and substrate γ /Eh for a determined peeling angle, which is very similar to the result predicted by the Kendall's dry peeling model.
When the water droplet partially wets the film surface and completely spreads on the surface of the substrate as shown in Fig. 2(c) , the effect of the water meniscus on the peel-off force is shown in Fig. 8 , where the peel-off force achieved by the classical Kendall's model, i.e., a dry peeling model, is also given for comparison. It is found that the wet peel-off force has a similar varying trend to that of the dry one. The peel-off force decreases with an increasing peeling angle. One should note that, for the fixed values of parameters γ /Eh = 0.0072, γ /Eh = 0.005, the interface energies γ 1L /Eh and γ 2L /Eh have a different influence on the peel-off force due the different wetting configurations of water on the thin film and substrate. The peel-off force increases with the interface energy γ 1L /Eh increasing, but decreases with the increasing interface energy γ 2L /Eh at a given peeling angle as shown in Figs. 8(a) and 8(b) . Comparing with the dry peeling model, the wetting peel-off force can be either enhanced or reduced by the water meniscus depending on the interface energy between the water and solid surface.
When the water droplet partially wets the substrate surface and completely spreads on the surface of the film as shown in Fig. 2(d) , the peel-off force as a function of the peeling angle is shown in Fig. 9 with a given water surface tension γ /Eh = 0.0072 and a fixed adhesion energy between the film and substrate γ /Eh = 0.005. One can see that the peel-off force decreases with the peeling angle increasing. But at a given peeling angle, the wet peel-off force decreases with the interface energy γ 1L /Eh increasing, which is similar to that of case B.
V. CONCLUSION
Inspired by gecko adhesion in humid environments, we extended the classical Kendall's peeling model to a wet one by introducing the effect of relative humidity. According to the natural phenomenon that a monolayer of water molecules may be adsorbed on surfaces for the relative humidity less than about 90%, and otherwise water droplets may be condensed, we established two kinds of wet peeling models. One corresponds to a monolayer of water membrane existing between the film and the substrate as an intermediate layer and the other relates to a water droplet near the interfacial crack tip. In the former, the peel-off force is significantly improved by the monolayer of water membrane due to the strong disjoining pressure. In the latter, water droplets may form a water meniscus near the interface crack tip with four wetting cases as shown in Fig. 2 , depending on the competition of surface tension of water, the interface energy of the film and water, and the interface energy of the substrate and water. In this case, the peel-off force is seriously affected by the capillary force, which is either larger or smaller than the dry one predicted by the classical Kendall's model, depending on the adhesion energy of the solid surface and water. The limitation condition among the four different peeling models shown in Fig. 2 indicates that all four models are continuous at the vicinity of the wetting transition. All the results should be useful not only for understanding the bioadhesion mechanism in humid environments, but also for assessing the interface behavior of film-substrate systems in practical applications.
